known that the inorganic phosphorus oxoacids are one of the many systems which experiment such reaction (and its reverse one, dehydration) when transformed in the different oxoacid species.
Introduction
Hydration reaction, that is, the addition of water or its elements (i.e., H and OH) to a molecular entity, is one of the most important chemical processes [1] . Besides, it is well I. Alkorta · L. M. Azofra (*) · J. Elguero Instituto de Química Médica, CSIC, Juan de la Cierva, 3, E-28006 Madrid, Spain e-mail: luisazofra@iqm.csic.es 1 3
Computational details
The structure, energy and bounded properties of the metaphosphoric acid (HPO 3 ) in the presence of explicit H 2 O molecules, as well as their hydration processes, were studied using second-order Møller-Plesset perturbation theory (MP2) [26] with Pople's 6-31+G(d,p) basis set [27] , which includes polarization functions for heavy and light atoms. In all cases, vibrational frequencies were calculated in order to verify that the structures obtained correspond to true minima or transitions states (TS). All calculations were carried out with the GAUSSIAN 09 program (revision D.01) [28] . Also, atoms in molecules (AIM) [29, 30] theory at the same computational level was applied to analyze the covalent and noncovalent interactions, using the AIMAll [31] program. Remember that the appearance of an AIM bond critical point (BCP) between centers of different monomers supports the presence of an attractive bonding interaction [29] .
In order to obtain more accurate values, re-optimization at MP2/aug-cc-pVTZ [32] was performed for the stationary points. Also, in addition to the explicit H 2 O molecules, the presence of water solvent has been considered at such computational level by means of the polarizable continuum model (PCM) [33] using the standard parameters concerning water.
The many-body procedure [34, 35] was applied to trimer [Eq. (1)] and tetramer [Eq. (2) ] reactants whereby the binding energy can be expressed as: where Δ n E is the nth complex term (2 = for dimers, 3 = for trimers and 4 = for tetramers), and the largest value of n represents the total cooperativity in the full complex. Furthermore, E r is the energy that computes the monomer's deformation.
Finally, the molecular electrostatic potential (MEP) [36] on the 0.001 au electron density isosurface via the WFA-SAS program [37] was analyzed in the HPO 3 monomer.
Theoretical framework
Deepening into the intrinsic reactivity, minima and TS were analyzed based on the conceptual DFT (CDFT) [38, 39] approach. CDFT's principles can be applied beyond the density functional theory (DFT). Thus, the development of this methodology can be used within ab initio methods as MP2. In this regard, four global properties have been analyzed in
the present work: energy, reaction force, electronic chemical potential and reaction electronic flux profiles. The intrinsic reaction coordinate (IRC) [40] [41] [42] procedure provides elementary information about the points that connect reactants, TS and products in a minimum potential energy path. All these points define the energy profile, E, of a chemical reaction; however, such energy profile does not give complete information about the reaction mechanism, and therefore, it is convenient to consider the reaction force, F (Eq. 3), defined as the negative derivative of the total energy with respect the reaction coordinate, ξ [43] [44] [45] [46] : Also, other interesting property is the electronic chemical potential, μ (Eq. 4), which for a N-electronic system is defined as the derivative of the energy with respect the number of electrons when the external potential, v( − → r ), remains constant:
Considering that the number of electrons is a discontinuous variable, μ can be approximated in terms of the ionization potential, I, and the electron affinity, A, due to the Koopmans' theorem [47] (by extension of the Hartree-Fock methodology) and to the application of finite differences. Furthermore, applying the approximation between A and I with the frontier orbital HOMO and LUMO energies, ε H and ε L , respectively, μ acquires the following expression (Eq. 5):
As happened between E and F, the negative derivative of μ versus ξ provides the so-called reaction electronic flux, J or REF (Eq. 6) [48, 49] , whose interpretation results from the analogy with classical thermodynamics: Positive values of REF should be associated with spontaneous rearrangements of the electron density driven by bond strengthening or forming processes; and negative values of REF are indicating nonspontaneous rearrangements of the electron density that are mainly driven by bond weakening or breaking processes:
Based on the critical points of the energy (ξ R , ξ TS and ξ P , associated with reactants, TS and products, in each case) and of the reaction force (ξ 1 and ξ 2 ), three regions can be defined: the first one associated with the reactants, between ξ R and ξ 1 , in which they are prepared for the reaction mainly through structural reordering; the second one, limited by ξ 1 and ξ 2 , where the TS is located, which
corresponds to the region where most formation and breaking of the bonds take place, this region being mainly associated with an electronic reordering; and finally, the third region, between ξ 2 and ξ P , which is associated with structural relaxation to reach the products of the reaction [50] . Note that ξ 1 < ξ TS < ξ 2 ( Fig. 1) .
At this point, an energy partition of the activation barrier can be made, where W 1 represents the amount of energy requires to geometrical reorganization of the system, while W 2 represents the electronic changes, both from reactants to TS (Eq. 7). Similar quantities, W 4 and W 3 , can be defined for the reverse path (Eq. 8), respectively.
These properties from the CDFT approach were analyzed in the reaction mechanism of the hydration process in metaphosphoric acid at the MP2/6-31+G(d,p) level.
Results and discussion

Electrostatic properties in the HPO 3 monomer
Metaphosphoric acid monomer (HPO 3 ) adopts C s symmetry. The representation of its MEP on the 0.001 au electron Fig. 2 , shows negative (red) and positive (blue) regions, as well as the localization of three local maxima on the isosurface (black dots): two π-holes above and below the molecular plane associated with the P atom, and one σ-hole associated with the acidic H atom. The values of the potential of such maxima are 219 and 319 kJ mol −1 for the π-and σ-holes, respectively. These points represent potential binding sites with MEP minima of partner molecules, as for instance, the O lone pairs in H 2 O. In addition, the large values of these maxima indicate that the possible complexes between HPO 3 and H 2 O should be strongly bounded. Similar behavior has been described previously in the literature in pnictogen [8, 9] and chalcogen [51] compounds containing π-holes.
Hydration process
The hydration process of HPO 3 to obtain H 3 PO 4 has been studied in the presence of one, two and three water molecules. These mechanisms will be referred along this section as (a), (b) and (c), respectively. In this section, the properties of the reactants clusters will be considered first, and then the reaction process will be taken into account.
Reactant properties
The geometry of the reactants is very much affected by the presence of water molecules (Fig. 3) . The reactant of mechanism (a) shows only one P···O bond between HPO 3 and H 2 O. With the introduction of a second H 2 O molecule in (b), a six-membered pseudo-ring appears with the inclusion of the interactions between H 2 O(1) and H 2 O(2) and (2) and HPO 3 . This second case corresponds to cooperativity a well-known energy property to stabilize the system [52] . In (c), this pseudo-ring remains, and by effect of H 2 O(3), the P···O bond decreases even further, to 1.854 Å. It seems that, as more number of explicit H 2 O molecules, more intensive is the pnictogen bond, the precursor force for the hydration of HPO 3 . This effect of cooperativity can be seen also in the H 2 O(1)···H 2 O(2) hydrogen bond (HB) in (b) and (c): ~1.6 Å, which is practically 0.3 Å shorter than for the isolated water dimer [53, 54] . The shortening of the intermolecular distances (O···P and H···O) can be associated with a cooperative effect due to the formation of cyclic structures when the weak interactions are taken into account. It should be noticed that in each of the intermolecular interactions (pnictogen bond and hydrogen bonds) of each cycle, the charge transfer goes in the same direction, either clockwise or counterclockwise.
In addition, the geometry of the HPO 3 molecule is affected by the number of water molecules. When isolated, it shows C s symmetry with the sum of the three OPO angles being exactly 360°. In the case of the presence of one, two and three water molecules, the sum of the OPO angles amounts to 357, 354 and 351°, indicating the pyramidalization of this molecule.
The effect on the geometry of the reactant complex is even larger when, with the addition of the explicit water molecules, the bulk solvent is considered by means of the PCM at the MP2/aug-cc-pVTZ computational level. Thus, the P···O distances are reduced to 1.885, 1.778 and 1.746 Å with one, two and three explicit water molecules, respectively.
The many-body interaction energy (MBIE) partition methodology [34, 35] has been applied to the reactant stationary points to gain insight on the cooperative effect due to the increasing number of water molecules present. The MBIE components detailed in Table 1 corroborate the strong noncovalent interactions that take place between HPO 3 and the H 2 O molecule(s). In mechanism (a), all the binding energy can be associated with the pnictogen bond, amounting to −60.4 kJ mol , in each case. In fact, for mechanism (c), the sum of the threebody terms is practically due to the interaction between the monomers which form the six-membered pseudo-ring: Val (3), respectively. The energy values corroborate the structural modifications observed in the pnictogen bonds as more explicit H 2 O molecules are introduced, i.e., they agree with cooperativity as stabilization force in the hydration of metaphosphoric acid. Binding energies have been also corrected with the basis set superposition error (BSSE) via the counterpoise procedure [55] . BSSE grows as the number of H 2 O monomers increases. ) and (c), respectively. This reduction can be explained attending to the role that the explicit H 2 O molecules play. In mechanism (a), H 2 O acts as reagent, forming a four-membered ring angularly stressed in the reaction site of the TS (Fig. 3) . When a second H 2 O comes into play, it exerts the role of a catalyst, incrementing the ring size by formation of a six-membered ring with less angular stress and diminished steric repulsions, promoting also the proton transfer. This fact entails the diminution of ~55 kJ mol −1 between (a) and (b). The introduction of a third H 2 O molecule, which is placed not in the pseudoring of the reaction site, but standing between neighboring P = O moieties, slightly destabilizes the system, and the activation barrier increases ~5 kJ mol −1 between (b) and (c). The W 1 and W 2 quantities present similar values in percentage for all cases; however, mechanism (b) has a slightly higher activation energy due to electronic reordering (W 2 ): 24 versus 17% and 19% in (a) and (c), respectively, being the part associated with the geometric rearrangement (W 1 ) always higher than W 2 in all cases. This catalytic effect has also been observed in the mutarotation process of sugars [56, 57] and in the reaction of formation of hemiacetals [58] . The reaction energies are always negative, that is, associated values of spontaneous processes, being smaller as more explicit H 2 O molecules are introduced.
Reaction
The activation energies optimized at MP2/aug-cc-pVTZ computational level and in PCM-water to emulate implicitly the bulk water reveal that: (1) For mechanism (a), it is 70.7 kJ mol −1 , which is 3.7 kJ mol −1 larger than the same process in gas phase; and (2) conclusion can be drawn: (1) For the three mechanisms studied, the principal reactive changes occur in the TS zone; (2) reactants and products are stable species due do the zero-flux regime since and until the chemical reaction proceeds; and (3) mechanism (a) differs from mechanisms (b) and (c) in the behavior of J(ξ 1 ) and J(ξ 2 ). In this regard, REF in (a) presents one maximum and one minimum, while in (b) and (c), the contrary occurs, i.e., one minimum followed by one maximum. What is the origin of this different behavior? A one-step reaction could have many elementary sub-processes. In our case, two events occur: on the one hand, the formation of a covalent P-O bond, and on the other, a proton transfer for the formation of a covalent O-H bond. These events take place simultaneously, but with more or less synchronicity. It is evident that in mechanism (a), first occurs the formation of the P-O bond, and subsequently, the proton transfer. For this reason, REF is in positive regimen around J(ξ 1 ), spontaneous rearrangements driven by bond strengthening or forming processes, and in negative regimen around J(ξ 2 ), nonspontaneous rearrangements driven by bond weakening or breaking processes. The contrary order happens in mechanisms (b) and (c).
The electron density properties at the P-O bond critical points (BCP) in the stationary points of the reaction have been plotted versus the corresponding interatomic distances. The P-O distance values range between 2.13 and 1.47 Å. The electron density shows an exponential dependency with the distance as has been shown for other bonds [59, 60] . The behavior of the Laplacian is more surprising being positive in all the range of distances studied. It shows large values for the shortest P-O distances and decreases as the distance increases. Several authors have reported the positive Laplacian for covalent bonds [61] and more recently we have shown that the P-N bond have a similar behavior to the P-O one [62] . The values of the total energy at the BCP are negative for all the cases indicating a significant covalent contribution for the interactions that as expected increases (more negative values of H) for the shortest distances [63] (Fig. 5) .
Conclusions
A theoretical study of the hydration reaction of metaphosphoric acid to yield phosphoric acid has been carried out at the MP2/6-31+G(d,p) and MP2/aug-ccpVTZ computational levels. Up to three explicit water molecules have been considered, and the effect of the bulk solvent has been taken into account by means of the PCM method. The reactant structure shows an important dependence on the number of explicit water molecules, as well as on the bulk solvent effect by inclusion of the PCM. An important cooperativity effect is observed in the HPO 3 complexes with two and three water molecules. The barriers observed for these systems when PCM is included show a very small values for the transformation, and the calculated reaction energy between the phosphoric acid and the isolated HPO 3 + n H 2 O molecules is between 126 and 153 kJ mol −1 , depending on the model considered, which is in reasonable agreement with the experimental value of 134 ± 8 kJ mol −1 . The analysis of the IRC of the reactions indicates a decrease in the angular stress in the reaction site before reaching the TS as more explicit water molecules are taken into account. The analysis of the REF shows that for the three mechanisms studied, the principal reactive changes occur in the TS zone, while reactants and products remain in a zero-flux regime. 
